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Abstract
In sports medicine, there is increasing interest in quantifying the elastic properties of skele-
tal muscle, especially during extreme muscular stimulation, to improve our understanding of
the impact of alterations in skeletal muscle stiffness on resulting pain or injuries, as well as
the mechanisms underlying the relationships between these parameters. Our main objec-
tive was to determine whether real-time shear-wave elastography (SWE) can monitor
changes in quadriceps muscle elasticity during an extreme mountain ultra-marathon, a
powerful mechanical stress model. Our study involved 50 volunteers participating in an
extreme mountain marathon (distance: 330 km, elevation: +24,000 m). Quantitative SWE
velocity and shear modulus measurements were performed in most superficial quadriceps
muscle heads at the following 4 time points: before the race, halfway through the race, upon
finishing the race and after recovery (+48 h). Blood biomarker levels were also measured. A
significant decrease in the quadriceps shear modulus was observed upon finishing the race
(3.31±0.61 kPa) (p<0.001) compared to baseline (3.56±0.63 kPa), followed by a partial
recovery +48 h after the race (3.45±0.6 kPa) (p = 0.002) across all muscle heads, as well as
for each of the following three muscle heads: the rectus femoris (p = 0.003), the vastus med-
ialis (p = 0.033) and the vastus lateralis (p = 0.001). Our study is the first to assess changes
in muscle stiffness during prolonged extreme physical endurance exercises based on shear
modulus measurements using non-invasive SWE. We concluded that decreases in stiff-
ness, which may have resulted from quadriceps overuse in the setting of supra-physiologi-
cal stress caused by the extreme distance and unique elevation of the race, may have been
responsible for the development of inflammation and muscle swelling. SWEmay hence
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Introduction
Measuring muscle mechanical properties in the setting of pathological states, such as neuro-
muscular diseases, has attracted great interest, as mechanical property measurements can be
used to monitor neuromuscular disease courses or potential treatment-elicited improvements
in neuromuscular diseases [1–4]. In sports medicine, there is increasing interest in quantifying
the elastic properties of skeletal muscle, especially during extreme muscular solicitation, to
improve our understanding of the impact of alterations in skeletal muscle stiffness on resulting
pain or injuries in athletes, as well as the mechanisms underlying the relationships between
these parameters [5].
Various techniques for estimating muscle tissue stiffness have been proposed, but they often
require maximal voluntary contractions from subjects that are painful or physically demand-
ing, which therefore limits their clinical applicability, accuracy and reproducibility [6,7]. Ultra-
sound imaging is a very promising alternative, as it provides muscle damage-related
anatomical information and also enables the performance of quantitative wave velocity mea-
surements in tissues, which have been shown to be related to muscle stiffness [8–11]. Shear-
wave elastography (SWE) is an ultrasound-based technique that characterizes tissue elastic
properties based on the propagation of remotely induced shear waves [12–14]. Unlike conven-
tional ultrasound elastographic methods, SWE is not based on manual compression or the
extent of tissue displacement [15]; thus, its data are more reliable, provided that an appropriate
experimental setup is used. SWE calculates tissue stiffness based on tissue shear wave propaga-
tion velocity measurements. SWE is a non-invasive, quantitative, and real-time diagnostic
imaging technique that is particularly well-adapted for in vivo investigations of skeletal muscle.
When performed under well-controlled conditions that ensure reproducibility, SWE has been
shown to be a reliable technique for investigating muscle biomechanical properties [16–20].
A few studies have explored the ability of SWE to evaluate the physiological responses of
resting muscles (i.e., muscles that are not contracting or stretching during measurement) to
short-term active or passive muscular solicitation [21,22] using eccentric injury models and
plantar flexor [23,24] or elbow flexor eccentric contraction models [25]. Green et al. [23]
explored the effects of downward running on a treadmill on the plantar flexor muscles under
experimental conditions using magnetic resonance elastography (MRE). To our knowledge, no
study has investigated elastic changes in human muscle injury models using a prolonged-racing
model, particularly under extreme conditions characterized by prolonged loading. Therefore,
exploring and validating the capability of a quantitative tool to assess changes in skeletal muscle
properties during extreme solicitation is of great interest to us, as this quantitative tool may be
useful for improving protective strategies and preventing injuries.
Mountain ultra-marathons (MUMs) have become increasingly popular within the last
decade and are considered an outstanding model for investigating adaptive responses to
extreme loads and stress [26]. MUMs induce eccentric quadriceps muscle contractions that
impose large amounts of mechanical strain and ultimately lead to muscle damage [27,28], cyto-
skeletal alterations and neuromuscular functional impairments [28–30]. MUMs therefore rep-
resent a unique opportunity to assess the ability of SWE to evaluate changes in muscle stiffness,
as well as to determine whether new quantitative indices derived from SWE measurements can
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be useful biomarkers for monitoring changes in muscle stiffness under extreme stress and
whether these indices have the necessary sensitivity and accuracy for evaluating the effects of
recovery on muscle stiffness.
The present study aims to evaluate the capability of SWE to track quadriceps muscle stiff-
ness variations before, during and after the world's most challenging extreme mountain ultra-
marathon.
Materials and Methods
Subjects and experimental study design
Subjects were recruited via mail and public announcements issued to registered runners by
race organizers. Fifty experienced runners volunteered for and provided informed written con-
sent to participate in this study. The experimental design of the study was approved by the
local ethics committee of the Azienda Regionale Sanitaria USL della Valle d’Aosta, Direzione
Meida di Presidio (acceptance n°900-18/08/2014), and all experiments were conducted in
accordance with the Helsinki Declaration (2001). Demographic data regarding the study popu-
lation are displayed in Table 1.
The Tor des Geants1 is a 330 km-long ultra-distance running trail in the Valley of Aosta
(Italy) featuring considerable positive/negative elevation changes (+24,000 m). It is considered
one of the most difficult (if not the most difficult) mountain marathon races in the world
because it is an ultra-endurance activity characterized by high-altitude exposure and sleep dep-
rivation. The altitude along the course ranges between 322 and 3.300 m, and the course features
25 mountain passes over 2000 m. The maximum time allowed to complete the race is 150 h.
The best finishing time of 71 h 49 min was achieved in the 2014 race, which featured 740 start-
ers and 446 (60%) finishers (http://www.tordesgeants.it/).
Table 1. Demographic and training profile data.
Pre Mid Finish Recovery
N 50 31 27 27
Sex (male/female) 46/4 31/1 30/1 29/0
Age (years) 43 ± 9.1 43 ± 8.6 43 ± 8.7 43 ± 8.6
Height (meters) 1.75 ± 6.2 1.75 ± 6.4 1.75 ± 6.3 1.75 ± 5.6
Weight (kg) 72.2 ± 8 71.7 ± 8.2 70.7 ± 7.2 70.8 ± 7.3
BMI (kg.m-2) 23.6 ± 2.0 23.4 ± 2.0 23.1 ± 2.1 23.1 ± 2.0
Body temperature (°C) 36.2 ± 0.9 37.3 ± 0.5 37.3 ± 0.5 37.1 ± 0.7
Pain 0.00 ± 0 4.1 ± 2.9 3.6 ± 2.9 1.08 ± 1.7
Training/week (n) 3.94 ± 1.7 3.94 ± 1.5 3.94 ±1.5 3.94 ± 1.5
Running experience (years) 14.2 ± 10.4 13.5 ± 10.5 13.3 ± 10.6 13.1 ± 9.8
Experience in ultra-marathons (years) 5.3 ± 3.6 5.5 ± 3.6 5.6 ± 3.6 5.3 ± 3.6
Previous ultra-marathons (n) 13 ± 10 11 ± 9 11 ± 9 11 ± 9
Limb dominance (R/L) 43/7 27/4 23/4 23/4
All values are presented as the mean (standard deviation)
Thigh pain was quantiﬁed on a visual analog scale
Body mass index (BMI) was calculated as weight/height squared (kgm-2)
Pre, Mid, Finish and Recovery were the four key measurement time points:
Pre (pre-race) measurements were performed within 4 days before the race
Mid (mid-race) measurements were performed at the mid-point of the race (148.7 km, D+9270 m)
Finish measurements were performed at the end of the race, within 1 h after ﬁnishing
Recovery measurements were performed after 48–72 h of recovery
doi:10.1371/journal.pone.0161855.t001
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The present experiment was a longitudinal study in which assessments were repeated at the
following four key time points: before the race, during the face, upon finishing the race and
after the race. The first assessment (Pre) was performed within 4 days before the race. The sec-
ond assessment (Mid) was performed at the mid-point of the race (148.7 km, D+9270 m). At
the end of the race, each athlete was transported to the laboratory by car and evaluated for a
third time (Finish) within 1 h after finishing the race. A final assessment (Recovery) was per-
formed after 48–72 h of recovery. Body weight (kg) and body temperature (°C) measurements
were recorded during each session. Prior to the initial session, questionnaires were adminis-
tered to collect data regarding subject training experience.
Blood biomarker collection and analysis
Blood samples were collected during each session within 10 minutes of arrival and prior to
each ultrasound. Samples were drawn from an antecubital vein into a dried, heparinized or
EDTA tube, depending on the analysis being performed. Both tubes were immediately centri-
fuged for 10 minutes (3500 RPM). Because it was not possible to carry out all analyses on the
same day using point-of-care technology, plasma and serum samples were frozen at −80°C
within 20 minutes of blood collection and stored for later analyses of muscle injury markers
and biochemical parameters (Table 1). Lactate was measured directly using an Accutrend Lac-
tate Analyzer (Roche Diagnostics, Manheim, Germany). All hematology parameters (hemoglo-
bin, red blood cells, white blood cells) were analyzed directly using a pocH-100i™ Automated
Hematology Analyzer (Sysmex, Villepinte, France). Cobas 8000 and Cobas 6000 Modular Ana-
lyzers (Roche Diagnostics, Manheim, Germany) were used to perform serial CK, CKMB,
hsTnT, NT-proBNP, MYO, and hsCRP measurements, as well as serial electrolyte, protein and
hepatic and renal biomarker measurements.
ShearWaveTM elastography (SWE) measurements: imaging protocols,
procedures and analyses
An Aixplorer ultrasound system (version 8.0; Supersonic Imagine, Aix-en-Provence, France)
equipped with ShearWaveTM Elastography and coupled with a linear transducer (4–15 MHz,
SuperLinear 15–4; Vermon, Tours, France) was used in shear-wave elastography mode (mus-
culoskeletal preset), as previously described in detail [12,31]. Briefly, this method is based on
ultrafast ultrasound sequences that are performed to capture shear wave propagation. The
shear-wave displacement field as a function of time is retrieved via one-dimensional cross-cor-
relation of successive radio frequency signals along the ultrasound beam axis. The shear waves
speed is then determined in each pixel of the resultant image using a time of flight algorithm
on the displacement movies. Assuming linear elastic behavior [12,32] and a constant muscle
mass density of 1000 kgm−3, the shear modulus correlates directly with the shear-wave propa-
gation velocity measurements.
To carefully standardize lower leg measurements and muscle positions across all sessions,
joint angles were set such that the quadriceps were as slack as possible. All subjects were exam-
ined in the supine position with their knees passively flexed at 20°. Position was controlled
with the same foam backing and contention at the feet level (see Fig 1).
Subjects were asked to stay as relaxed as possible. B-mode ultrasound was used to identify
anatomical structures and to determine the optimal transducer locations for each muscle to
maximize the alignment between the transducer and the directions of the muscle fibers. The
following three superficial heads of the right quadriceps were sequentially studied: 1) the rectus
femoris (RF), 2) the vastus medialis (VM) and 3) the vastus lateralis (VL).
Shear-Wave Elastography of Quadriceps Stiffness during MUM
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Appropriate probe alignment was achieved when the transducer was parallel to the skin
plane and when several thin fascicles could be traced across the image without interruption
[33] (Fig 1D, 1E and 1F), as recommended by Gennisson et al., who found that shear waves
propagate longitudinally along muscle fibers much more readily than they propagate perpen-
dicularly or at any other rotation interval. This finding was confirmed by others, indicating
that parallel transducer orientations provide the most reliable muscle elasticity measurements
[16].
All measurements were performed by the same radiologist (4 years of experience). To maxi-
mize inter-day reliability and minimize the duration of transducer re-positioning at the same
location during subsequent sessions in each subject, 4 permanent waterproof skin landmarks
were drawn with a marker under 2D-mode monitoring during the Pre session. A first line,
which extended across the thigh, was drawn 15 cm above the upper edge of the patella, perpen-
dicular to the patella-ASIS (anterior superior iliac spine) axis. Three additional lines were
drawn parallel to the longitudinal axis of the center of the RF, VM and VL and were aligned
with the centers of each muscular belly head. Fibrous sagittal septa were avoided to maximize
homogeneity within the SWE box. The abovementioned skin landmarks always remained at
Fig 1. a) US image obtained in axial plane showing the different areas of interest within the quadriceps muscle: the RF,
rectus femoris (red); the VL, vastus lateralis (pink); and the VM, vastus medialis (green). b) Elastographic data collection:
5 circular 5 mm-diameter ROIs (Q boxes) were manually placed within each squared SWE box by the same radiologist,
who was experienced in performing musculoskeletal ultrasound. For example, this picture shows the positions of the Q
boxes for the RF. The operator was blinded to the quantitative shear modulus data. c), d), E) and f) are in-plane fiber-
aligned US images of the RF, VM, VL, respectively. The orange-dotted square ROIs correspond to the three sequential
positions of the SWE-boxes used for the SWEmeasurements. Thus, at each investigation time, 9 SWE boxes were
saved (3 for the RF, 3 for the VM and 3 for the VL). Note the absence of gas bubbles within the thick gel layer. The X- and
Y-scales are, respectively, the in-plane and depth distances in centimeters.
doi:10.1371/journal.pone.0161855.g001
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least partially visible but were always refreshed to ensure that they remained in place for subse-
quent sessions.
It is well known that soft tissue stiffness measurements are intrinsically modified if com-
pression is produced by the transducer itself [17,34,35]. Thus, special care was taken to avoid
inducing pressure on each muscle while preserving optimal probe coupling during each mea-
surement. A custom-made system was developed to enable 1) precise and ergonomic trans-
ducer positioning with all required degrees of freedom for optimal positioning and 2)
transducer position-locking once optimal locations and orientations were obtained. Then, to
ensure that no pressure was exerted during measurement by the transducer itself while main-
taining optimal acoustic coupling, a flexible silicon “pool” was designed. This device con-
formed to the shape of the anterior thigh but allowed the maintenance of a 2 cm-thick layer of
ultrasound gel at the target location where the probe was partially immersed. A regular 5-mm
ultrasound gel layer between the transducer and the skin minimized the application of pressure
and allowed optimal acoustic coupling (Fig 2).
To remove all air bubbles from the gel (as air bubbles may represent potential ultrasound
interfaces), the gel was pre-heated slightly, and any remaining bubbles within the silicon pool
were subsequently aspirated with a 20 cc syringe. This precaution proved important, as many
bubbles that were not visible at low altitudes were observed at Courmayeur (1300 m; Pre, Fin-
ish and Recovery sessions) and were attributed to decreases in barometric pressure.
Finally, after the anatomical locations and longitudinal fiber orientations of each superficial
right quadriceps head were confirmed using 2D mode, the user was positioned such that a
fixed-size square region of interest (ROI) (1.2 cm2) delimiting the elastographic field-of-view
Fig 2. Measurement protocol and subject positioning. An articulated arm ensures that no contact occurs
between the transducer and the thigh. Acoustic coupling is ensured using a home-designed silicon pool
conforming to the shape of the leg that is filled with bubble-free acoustic gel. All subjects were placed in the
supine position using a feet holder to ensure that the quadriceps femoris muscle remained at rest. To
maximize inter-day reliability and hasten re-positioning, 4 indelible skin lines were traced during the Pre
session (with a waterproof marker). The first line extended across the thigh and was drawn 15 cm above the
upper edge of the patella, perpendicular to the patella-ASIS (anterior superior iliac spine) axis. The remaining
three lines were drawn parallel to the longitudinal axis of the center of each of the three muscle heads (RF,
VM, VL). Per the PLOSONE policy regarding papers including identifying or potentially identifying,
information, each subject was informed of the terms of the PLOS open-access (CC-BY) license and provided
permission for the publication of these details under the terms of the license.
doi:10.1371/journal.pone.0161855.g002
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(SWE box), i.e., a region of interest where shear-wave propagation was analyzed within the
muscle, was visible.
A short acquisition time delay is required to measure the mean shear modulus, irrespective
of the size of the ROI or the muscle and tendon under study [17]. Therefore, a 5 s delay was
consistently used before capturing each 2D map. Acquisition was performed when the real-
time color map was as homogeneous as possible. Three successive SWE acquisitions were per-
formed for each muscular head with the transducer in a fixed position to assess SWE reproduc-
ibility. Care was taken to avoid focal penetration defects or fibrous septa (Fig 1). The operator
was blinded to the quantitative values obtained via SWE. The measurements were similar at
each of the 4 investigation time points and were carried out as soon as possible after the cessa-
tion of physical effort (<15 min). During the Mid and Finish sessions, the SWE investigations
began after an average delay of 15 minutes. The entire protocol lasted approximately 10
minutes.
Assuming linear elasticity [12,32], the muscle shear modulus was calculated as μ = ρ.Vs2,
where ρ is the muscle mass density (1000 kgm -3), which is assumed to be constant, and Vs is
the shear-wave velocity. Under these conditions, μ can be readily calculated from the shear-
wave propagation velocity and tissue density [36] and is directly correlated with the shear wave
propagation velocity.
The shear modulus (μ) and shear wave velocity (Vs) values were both voluntarily reported
to allow comparisons with other studies reporting Vs or μ values.
DICOM images were transferred to an OsiriX workstation (Pixmeo, Geneva, Switzerland)
for analysis using a dedicated analysis plugin (QBox, 1.0, Supersonic Imaging). This plugin
allows direct extraction of elasticity metrics in circular ROIs within SWE color maps. To avoid
artefacts in the circular ROIs, 5 ROIs (5 mm diameter) were placed within a given square SWE
color map (Fig 1B). As 3 SWE acquisitions were performed in succession for each muscular
head, 45 stiffness measurements were available at each measurement time point for each sub-
ject. Average muscular stiffness metrics (μ and Vs) were calculated for each quadriceps muscle
and measurement time point to identify variations that could occur as a function of distance
during the race and after 2 days of recovery.
Statistical analysis
Data were initially screened for normality using the Kolmogorov-Smirnov tests, and all results
pertaining to quantitative variables are reported as the mean ± standard deviation (SD).
Intra-session shear modulus measurement reliability was assessed by calculating the intra-
class correlation coefficient (ICC) using a two-way random effect (consistency) model and
standard error of measurements (SEMs) statistics. This approach quantifies the degree of
agreement or reproducibility among all 15 measurements (5 ROIs in 3 slices) acquired consec-
utively during each session at each time point for the same subject by the same observer and
without a posteriori exclusion of any data points according to image quality. The level of reli-
ability was classified using ICCs defined as moderate (0.70–0.79), good (0.80–0.89)) or high
(0.90) [37,38]. ICC values were compared using the Fischer Z test.
Changes in stiffness metrics (μ and Vs) among measurement sessions (Pre-race, Mid, Fin-
ish, and Recovery sessions) and muscle heads (RF, VM, VL) were assessed using a two-factors
(session and muscle) fixed-effects repeated measures ANOVAmodel. The Box's conservation
correction factor was applied to account for sphericity violations. Based on that model, post
hoc pairwise comparisons were subsequently performed, followed by Bonferroni correction.
Pearson’s correlation coefficients were calculated to determine the relationships between
stiffness parameters and biologic, demographic and training variables.
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For all analyses, significance was accepted at p<0.05. Cohen’s d effect size [39] was reported
where appropriate, and effect sizes of 0.2, 0.5 and 0.8 were classed as small, moderate and large,
respectively. We also reported the common language effect size statistic (CL), which expresses
the likelihood that a randomly sampled individual measurement from one group has a higher
value than a randomly sampled measurement from another group [40], using Excel Spread-
sheet version 15.24 for Mac (Microsoft Corporation par Impressa Systems, Santa Rosa, Califor-
nie), as recommended by Laken [41]. All other statistical analyses were performed using Stata
14 (College Station, TX) statistical software.
Results
Demographic data are reported in Table 1. Of the 50 enrolled participants, 31 (66%) reached
the mid- point and were examined (17 dropouts, 1 runner declined investigation). Twenty-
seven finishers completed the race (54%) in an average time of 126±14 h.
Measurement reliability
As shown in Table 2, the intra-session reliability of the shear modulus measurements for the
Pre session was good for the VL and RF (ICC = 0.83 and 0.89) and high for the VM
(ICC = 0.93), and no significant differences in reliability were noted among the quadriceps
muscles (p = 0.12). Reliability remained within the same range during the Mid and Finish ses-
sions, although the μ for the RF exhibited slightly higher reliability (ICC = 0.91) than the corre-
sponding measurements for the VM and VL (ICC = 0.88) (p = 0.24). Intra-session reliability
varied from good (ICC = 0.88 during the Pre and Mid sessions) to high (ICC = 0.90 and 0.92 at
the Finish and Recovery sessions, respectively), and no significant differences in reliability were
noted among the times (p = 0.16).
Table 2. Relative (intraclass coefficient) and absolute (standard error of measurement) shear modu-
lus (μ) reliability.
Time Muscle ICC (95% CI) SEM (kPa)
RF 0.89 (0.84–0.93) 0.16
1(Pre) VM 0.9 (0.89–0.96) 0.12
VL 0.83 (0.75–0.89) 0.19
global 0.90 (0.86–0.94) 0.20
RF 0.92 (0.88–0.96) 0.15
2(Mid) VM 0.86 (0.78–0.92) 0.18
VL 0.87 (0.79–0.93) 0.19
global 0.88 (0.82–0.94) 0.18
RF 0.92 (0.87–0.95) 0.15
3(Arrival) VM 0.85 (0.75–0.91) 0.16
VL 0.93 (0.89–0.96) 0.13
global 0.93 (0.89–0.96) 0.17
RF 0.91 (0.85–0.95) 0.14
4(Recovery) VM 0.93 (0.88–0.96) 0.14
VL 0.92 (0.87–0.95) 0.14
global 0.92 (0.87–0.96) 0.14
RF, rectus femoris; VM, vastus medialis; VL, vastus lateralis; CI, conﬁdence interval; SEM, standard error of
measurement used as an indicator of absolute reliability
doi:10.1371/journal.pone.0161855.t002
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Shear modulus (μ) and shear wave velocity (Vs) changes among muscle
heads and measurement times
At the Pre session, the overall shear modulus was 3.6±0.6 kPa, and the shear wave velocity was
1.88±0.17 m.s-1 when all measurements were pooled. μ was significantly lower in the VM (2.97
±0.48 kPa; p<0.001) than in the RF (3.84±0.49 kPa) and VL (3.85±0.47 kPa). Furthermore,
Cohen’s d effect size value (d = 1.83) suggested a high practical value. The CL effect size indi-
cated that after controlling for individual differences, the likelihoods that a measure of μ scored
lower in the VM than in the VL or RF were 89% and 90%, respectively.
Vs was also significantly lower in the VM (1.72±0.14 m.s-1) than in the RF (1.96±0.13 m.s-1)
(p<0.001, d = 1.77, CL effect size = 89%) and VL (1.96±0.12 m.s-1) (p<0.001, d = 1.84, CL
effect size = 90%).
The average muscular stiffness metrics (μ and Vs) for each quadriceps muscle and measure-
ment time point are reported in Table 3.
ANOVA revealed that the 2 main factors exerted significant effects, as there were significant
differences among the muscle heads (F(2,336) = 103.5, p<0.001) and measurement sessions F
(3,336) = 4.63, p = 0.003), but there were no interaction between the muscle heads and changes
over time F(6,336) = 0.897, p<0.49). The vastus medialis μ and Vs values remained lower than
the corresponding RF and VL values at the Mid (p<0.001, d(μ) = 1.75, d(Vs) = 1.71) and Finish
sessions (p<0.001, d(μ) = 1.47, d(Vs) = 1.31) and at the Recovery session (p<0.01, d(μ) = 1.78,
d(Vs) = 1.33).
While there was no difference in μ between the Pre- and Mid sessions (p = 0.81), there was a
significant decrease in μ at the Finish session (p<0.001)—with a moderate effect size (d = 0.56)
—which persisted at the Recovery (p = 0.002) session, with a small-to-moderate effect size
(d = 0.35), compared to the Pre session. The CL effect size indicates that after controlling for
individual differences among the time points, the likelihoods that μ would be decreased were
71% and 63% at the Finish and Recovery sessions, respectively. Fig 3 shows the percent
changes (from baseline) in the shear modulus for each individualized muscle and displays simi-
lar trends with respect to the percent changes in the shear modulus of each muscle.
Relationships between stiffness properties and changes in clinical and
biological covariates
At baseline, there was a significant negative relationship between both μ and Vs and BMI
(r = -0.20, p = 0.01), as well as a weak negative relationship between these parameters and age
Table 3. Longitudinal shear modulus (μ) and shear wave velocity (Vs) variations over time.
Muscle Pre Mid Finish Recovery
Rectus femoris μ (kPa) 3.84 (0.49) 4.04 (0.71) 3.56 (0.57) 3.8 (0.47)
Vs (m.s-1) 1.96 (0.13) 2.00 (0.18) 1.88 (0.16) 1.95 (0.12)
Vastus medialis μ (kPa) 2.97 (0.48) 2.96 (0.49) 2.81 (0.45) 2.95 (0.48)
Vs (m.s-1) 1.72 (0.14) 1.72 (0.14) 1.67 (0.14) 1.71 (0.14)
Vastus lateralis μ (kPa) 3.85 (0.47) 3.87 (0.53) 3.56 (0.48) 3.48 (0.5)
Vs (m.s-1) 1.96 (0.12) 1.96 (0.13) 1.89 (0.13) 1.89 (0.13)
Without muscle head distinction μ (kPa) 3.56 (0.63) 3.62 (0.75) 3.31 (0.61) ‡ 3.45 (0.6- ‡
Vs (m.s-1) 1.88 (0.17) 1.89 (0.20) 1.81 (0.17) 1.85 (0.16)
Values are presented as the mean (SD) of the shear modulus (μ) and shear wave velocity (Vs)
Pre, Mid, Finish and Recovery correspond to each measurement time
doi:10.1371/journal.pone.0161855.t003
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(r = -0.14, p = 0.074); however, there were no relationships between these parameters and leg
dominance (r = -0.06, p = 0.52), training or trail experience (i.e., the total number of ultra-
endurance trails completed) (p = 0.20), numbers of years participating in ultra-trail races
(p = 0.62), numbers of years participating in running (p = 0.71), or training volume (p = 0.52).
Among finishers, there were negative relationships between absolute μ and Vs and leg pain
during the race (μ: r = -0.28, p = 0.01; Vs: r = -0.22, p = 0.04), but there were no relationships
between these parameters and performance (i.e., race duration, h) (μ: r = -0.08, p = 0.49; Vs: r =
-0.08, p = 0.46).
The longitudinal variations in blood biomarkers throughout the race are shown in Table 4.
Briefly, serum CK and myoglobin levels peaked at +7686% and +4889% at Mid, while serum
LDH levels peaked at +268% at Finish and were elevated at Mid at +203% (all p<0.001). Total
serum protein, creatinine, uric acid, WBC and neutrophil levels also increased significantly
(p<0.001) and peaked at Mid. The percent change in μ between Pre and Finish was negatively
correlated with the corresponding percent changes in creatinine (p = 0.01), GFR (p = 0.01),
plasma osmolality (p = 0.02), and WBCs/neutrophils (p = 0.01), but not with the percent
changes in other biomarkers (Table 5).
Discussion
To our knowledge, this is the first study to provide evidence that non-invasive SWE has the
capacity to monitor changes in muscle stiffness in a longitudinal human model of extreme pro-
longed mechanical stress.
Fig 3. Change in muscle head stiffness (shear modulus). Changes observed in the three muscle heads (RF, VM and
VL) at the three measurement times (Mid, Finish, and Recovery) are expressed as percentages of their baseline values,
or their Pre values. The error bars denote the 95% confidence interval, and the boxes denote the 25th–75th percentiles
with the median. The asterisks indicate that the changes from baseline are significant based on the statistical analysis of
the raw data, which is presented in the Results section.
doi:10.1371/journal.pone.0161855.g003
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Table 4. Longitudinal variations in blood biomarkers throughout the ultra-marathon race.
Pre Mid Finish Recovery
Creatine kinase (UI.L-1) 133.29 (71.80) 10379.69 (10135.55)** 4123.30 (3846.10)** 733.52 (626.31)**
Myoglobin (μg.L-1) 27.84 (8.55) 1388.99 (1480.48)** 547.28 (436.49)** 86.78 (44.32)**
LDH (UI.L-1) 166.04 (29.87) 507.56 (255.70)** 611.09 (258.48)** 428.23 (177.49)**
Lactate (mmol.L-1) 1.83 (0.40) 1.74 (0.52) 2.28 (0.89)* 2.02 (0.54)
C-reactive protein (mg.L-1) 1.17 (1.78) 20.45 (13.66)** 16.65 (15.0)** 5.87 (4.71)**
Serum uric acid (mg.dL-1) 36.11 (7.95) 74.83 (22.11)** 56.09 (15.80)** 39.18 (9.38)
Serum creatinine (mg.dL-1) 0.97 (0.11) 1.18 (0.18)** 1.13 (0.16)** 0.95 (0.10)
GFR (mg.L-1) 93.53 (11.67) 86.67 (16.21)* 91.85 (13.91) 102.14 (8.54)**
Sodium (mmol.L-1) 140.62 (1.80) 155.92 (6.34)** 160.49 (10.25)** 151.76 (10.19)**
Potassium (mmol.L-1) 4.06 (0.39) 4.06 (0.42) 3.98 (0.36) 4.24 (0.51)
Serum total protein (g.L-1) 72.63 (3.56) 75.23 (4.25)** 74.57 (4.61)* 71.86 (5.42)
Plasma osmolality (mosm.L-1) 285.27 (3.68) 290.70 (4.60)** 286.40 (6.35) 287.42 (4.86)*
Hematocrit (%) 43.53 (2.47) 39.22 (2.82)** 37.92 (3.02)** 40.54 (2.84)**
White blood cells (x10³.μL-1) 7.02 (1.55) 10.72 (2.13)** 8.51 (1.76)** 6.32 (1.46)
Neutrophils (x10³.μL-1) 4.17 (1.14) 7.66 (2.18)** 5.93 (1.57)** 4.10 (1.24)
LDH, Lactate dehydrogenase
Glomerular ﬁltration rate (GFR) was calculated according to the CKD-Epi formula
Bold values are peak changes over time
Values are shown as the mean (SD)
* p<0.05
** p<0.001 for post hoc paired comparisons with Pre values
doi:10.1371/journal.pone.0161855.t004
Table 5. Percent changes in biomarker levels and shear modulus values between the Finish and Pre
sessions (% change Finish/Pre).
% change Finish/Pre r p
Creatine kinase (UI.L-1) 2697.7 (348.5 0.07 0.49
Myoglobin (μg.L-1) 2024.7 (168.1 -0.01 0.89
LDH (UI.L-1) 280.5 (16.4 0.08 0.46
Lactate (mmol.L-1) 21.2 (4.3 -0.12 0.28
C-reactive protein (mg.L-1) 2443.8 (226.1 -0.18 0.09
Serum uric acid (mg.dL-1) 63.1 (4.2 -0.09 0.41
Serum creatinine (mg.dL-1) 16.3 (2.5 -0.26 0.01
GFR (mg.L-1) -0.26 (1.2 0.27 0.01
Sodium (mmol.L-1) 14.1 (0.6 -0.12 0.26
Potassium (mmol.L-1) -0.8 (1.1 0.10 0.33
Serum total protein (g.L-1) 2.7 (0.5 -0.07 0.49
Plasma osmolality (mosm.L-1) 0.4 (0.2 -0.23 0.02
Hematocrit (%) -12.4 (0.4 0.06 0.57
White blood cells (x10³.μL-1) 23.6 (2.8 -0.28 0.01
Neutrophils (x10³.μL-1) 51.8 (4.7 -0.26 0.01
LDH, Lactate dehydrogenase
Glomerular ﬁltration rate (GFR) was calculated according to the CKD-Epi formula
Values are shown as the mean (SD)
P was calculated via post hoc paired comparisons between the Finish and Pre sessions
doi:10.1371/journal.pone.0161855.t005
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We demonstrated that prolonged and mainly eccentric low-intensity exercises induce
changes in quadriceps muscle stiffness that can be quantified by SWE. We observed significant
decreases in Vs and μ between the Pre and Finish sessions (p<0.001) and milder but significant
differences in these parameters between baseline and after more than 45 hours of recovery
(p = 0.002), indicating that neither Vs nor μ returned completely to baseline. These global
trends were observed across all muscle heads but were also detected when each muscle head
was analyzed individually, as shown in Table 3. The three superficial muscle heads exhibited
the same behavior at each of the 4 measurement times and exhibited similar changes in μ. Note
that the VI muscle, the most solicited muscle with respect to eccentric contraction elicited dur-
ing downhill running [42], was not assessed because of its depth, which made performing elas-
tographic measurements via ultrasound difficult. It has been established that the magnitudes of
the micro-lesions incurred during eccentric solicitation induced by MUMs are dependent on
the muscle type, the level of force generated during the period and/or the amplitude of stretch-
ing, as well as the duration of exercise [27]. Consequently, we hypothesized that the VM, VL
and RF muscles would exhibit similar behavior with respect to muscle fatigue and muscle solic-
itation during MUMs.
This study is one of the few to estimate Vs and μ on a non-contracted muscle and is the only
one to estimate muscular stiffness at various stages (before, during, immediately after and 2
days after exercise) during a prolonged and extreme endurance solicitation, such as the Tor des
Géants1MUM. As comparisons with similar prolonged exercise models were not possible, we
elected to first compare baseline values with values obtained after bouts of eccentric exercise.
Regarding the concordance of our μ values with existing published data, our mean shear modu-
lus value and standard deviation for the rectus femoris at the Pre session of 3.84±0.5 kPa were
concordant with values of 4.3±1.2 kPa [17] and 3.2±0.4 kPa [18], which were obtained in previ-
ous studies. Regarding the VM, our mean resting shear modulus value was 3±0.5 kPa, which is
lower than the following value reported by Botanlioglu et al.: 4.9±1.8 kPa [43]. Finally, regard-
ing the VL, our mean shear modulus value was 3.9±0.5 kPa, while the values obtained by two
of the abovementioned studies were 5.4±1.2 kPa [43] and 3.3±0.4 kPa [18].
Some of the differences between our resting values and those observed by Botanlioglu et al.
[43] may be related to methodological differences between our acquisition protocol and theirs,
as their study did not report any specific strategies for avoiding biases introduced by uncon-
trolled transducer pressure or uncertainty regarding measurement reproducibility. In our
study, the Q box was placed during data acquisition, according to a rigorous protocol, and data
processing was carried out separately by an operator who was blinded to the quantitative shear
modulus data, which allowed us to avoid subjectivity bias. Under these measurement condi-
tions, shear-wave imaging reproducibility (the quadriceps muscle without contraction) was
excellent, as shown by the intra-session correlation measurements, which featured intra-ses-
sion standard deviations that were among the lowest in the literature [17,43]. It is also worth
noting that resting muscle measurements are easier to standardize than contracted muscle
measurements and do not require any effort from the athlete.
The decreases in muscular stiffness observed in this study are also concordant with those
observed by Giovanelli et al. and Garcia-Manso et al., who demonstrated decreases in vastus
lateralis stiffness immediately after an uphill marathon [44] and decreases in biceps femoris
stiffness 15 minutes after an Ironman triathlon [14], respectively, using invasive techniques,
such as tension-myography (TMG) and muscle belly deformation. In sports with a high
stretch-shortening cycle component (e.g., mountain running), repeated eccentric contractions
(e.g., in the knee extensor, quadriceps or plantar flexor muscles) have considerable deleterious
effects on muscular function (e.g., decreases in maximal voluntary contraction and alterations
in excitation-contraction coupling) [45–49]. However, compared to runners participating in
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MUMs of different durations, including MUMs of shorter durations (e.g., UTMB, 20–46 h),
runners participating in the Tor des Geants exhibited less inflammation and less muscle dam-
age, probably as a result of lower concentric/eccentric contraction intensities due to lower
velocities [50].
Most previous studies exploring changes in muscles stiffness after exercise used human
muscle injury models featuring acute eccentric exercises characterized by increases in muscle
stiffness resulting from increases in passive tension, as determined via clinical measurements
that were often obtained using ergometers rather than SWE [51,52]. These measurements can-
not isolate the stiffness of individual muscles and thus provide only global information regard-
ing the behavior of several structures (e.g., muscles, tendons, nerves, and skin) acting around a
given joint.
Regarding the studies that assessed muscle shear modulus changes after eccentric exercise,
all reported changes after short exercise durations (30 minutes), but none explored muscle
stiffness changes after extremely prolonged physical exercise comparable to that reported here
(distance: 330 km, elevation: +24,000 m, duration: 126±14 h). Green et al. [53] reported modest
increases in the shear modulus of the gastrocnemius medialis (GM) after 15 minutes of back-
wards walking (2 km/h) on an inclined treadmill, which they measured using a different tech-
nique (magnetic resonance elastography, not SWE). Guilhem et al. [24] reported a 28%
increase in the GM shear modulus immediately after 10 sets of 30 maximal eccentric contrac-
tions of the plantar flexor muscles. Lacourpaille et al. [25] showed increases in the shear modu-
lus of the elbow extensor muscles (in the stretched position) at 1 h and 48 h after three sets of
ten maximal eccentric contractions, but these increases were significant only when the above-
mentioned muscles were in the stretched position. In the present study, muscles were analyzed
in the slack position. As discussed by Warren et al. [54], comparisons of the results of various
injury models may reveal the presence of significant heterogeneity, especially when comparing
the results of experimental models (featuring acute eccentric contractions involving a single
muscle group) with those of whole-body exercises performed under real conditions (featuring
eccentric contractions performed during prolonged-racing models). Even models featuring
acute eccentric contractions have been able to show differences in injury susceptibility and
responsiveness between the elbow flexors and knee flexors, as the former appear to be more
prone to suffering eccentric injuries without a clear explanation [54]. Therefore, in the event
that the decreases in the shear modulus reported in the present study initially seem to contra-
dict the results of previous studies, it is important to remember that not only did the measure-
ments performed in this study involve different muscle groups, but they were also performed
at time points and under muscle loading conditions that may be too different from those of
other studies to authorize direct results comparisons: indeed, skeletal muscle responses to
ultra-endurance testing are highly specific and are dependent on exercise intensity and dura-
tion [55]. Measurements were performed only in the slack position, as this position was consid-
ered the most achievable and reproducible position. Moreover, it was applicable at all
measurement time points. This may be considered a limitation of the present study. It is worth
noting that increases in muscle stiffness post-eccentric exercise have been attributed to pertur-
bations of calcium homeostasis. As muscle fiber sensitivity to Ca2+ reportedly increases as
muscles elongate [56], it is plausible that our results would have been different had we per-
formed our measurements in a more stretched position.
Sonoelastography studies on non-contracted muscles have reported that the persistence of
muscle stiffness changes may be exceptionally brief (with a return to the baseline within few
minutes [21,57]) or less than 48 h [24,25].
The results of the present study indicate that our shear-wave velocity and shear modulus
values obtained at 2 days after the Finish session remained different from the same values
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obtained at baseline. These results may be due to the specific load conditions of the Tor des
Géants1MUM. Increases in total body water, as well as the development of peripheral and
muscular edema, have been reported in the context of ultra-marathon running. One study
reported a 6% increase in total body water after a 1200 km run over 17 consecutive days [58],
and another study reported an increase in total body water associated with tissue edema [59].
Such changes may be related to skeletal muscle inflammation. This hypothesis is supported by
our B-mode US anatomical images, which clearly showed increases in fascial thickness and
subcutaneous edema (Fig 4). These changes may be explained by extracellular water volume
expansion caused by local inflammation. The large MUM-induced increase in total water con-
tent is interesting, as the shear modulus can be influenced by tissue mass density. It is therefore
possible that the increases in muscle water counterbalanced the increases in muscle stiffness
resulting from muscle damage.
Repetitive eccentric muscle contractions during MUMs result in microscopic muscle dam-
age [27,60,61] and increased inflammation [50,62]. The authors also hypothesized that water
accumulation contributes to tissue regeneration after muscle damage. However, Lacourpaille
et al. noted an increase in the shear modulus that persisted in the presence of edema, as mea-
sured via T2-weighted MRI at 48 h after exercise [25]. Therefore, inflammation and swelling
cannot be the main factors responsible for changes in elasticity, as suggested by Whitehead
et al. [52]. Extracellular matrix (ECM) changes may play a role in muscle stiffness changes, as
there is an established relationship between ECM changes and passive stiffness [63]. The rate
of collagen turnover increases with exercise in a time-dependent manner following increases in
myofibrillar protein synthesis, even during acute exercise [64]. Additionally, ultra-endurance
exercise triggers autophagy-related and autophagy-regulatory gene expression, as shown by
Jamart et al., who performed VL muscle biopsies following a 200 km ultra-marathon [55].
These changes are considered a response to extreme stress induced by the combination of
energy deprivation and oxidative stress, which triggers the unfolded protein response [65,66].
As noted by Bell et al. [67], ultra-endurance exercises represent skeletal muscle stress-inducers,
Fig 4. Edematous and architectural thighmuscle changes at the Finish assessment.US images of the
quadriceps femoris muscle, which were obtained in the axial plane during the Pre session (a) and the Finish
session (b). Note the edematous thickening of the skin and the muscle fascia in the image obtained during
the Finish session.
doi:10.1371/journal.pone.0161855.g004
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as they are characterized by increased energy demands triggering proteolysis and dysfunctional
protein/organelle destruction.
As expected, we noted large increases in the levels of skeletal myocyte injury-related bio-
markers (CK, myoglobin and LDH), which have been shown to reflect the extent of cellular
damage [68,69]. Blood biomarkers remain indirect indices of muscle damage that are not con-
sistently correlated with the extent of muscle damage. Our peak CK and myoglobin levels of
10,780 UI.L-1 and 1389 μg.L-1, respectively, were similar to but lower than those observed in a
166 kmMUM (with CK and myoglobin levels of 13,500 UI.L-1 and 1730 μg.L-1, respectively)
[70]. Interestingly, in our study, mean CK and myoglobin values peaked at the Mid-session
(after 149 km) and decreased during the second half of the race. This biphasic response is likely
related to decreases in runner speed during the second half of the race, Maufrais et al. demon-
strated that runner speed is 32% slower during the second half of the Tor des Geants than the
in first half [71]. Increases in uric acid levels can be explained by enhancements in protein
catabolism, which occur during long-term exercise due to glycogen depot depletion [72],
Increases in creatinine are related to increases in the catabolic metabolites of muscle damage
[73]. Despite minor GFR fluctuations, the Mid (1.18 mg.dL-1) and Finish assessment creatinine
values noted in this study (1.13 mg.dL-1) were higher than those noted by Millet et al. after the
aforementioned 166 km race (1.03 dL-1). WBC activation, particularly neutrophil activation,
triggers cellular and humoral inflammatory responses [74] characterized by elevated CRP levels
and the presence of leucocytes in the extracellular and the extravascular spaces in response to
long-term exercise [69,75]. Muscle damage inter-subject variability is related to many factors,
including gender [76], age [77,78], and training status [79]. In our athlete population, there
was no relationship between stiffness changes and the covariates reflecting trail-running expe-
rience or training level. We can also reasonably hypothesize that our group was a biased athlete
population that could not be compared to those of previous studies, which compared the
responses of trained subjects to those of untrained subjects [79]. Stiffness changes were signifi-
cantly correlated with BMI, a finding consistent with those of recent works [80]. The weak rela-
tionship with age noted in this study is consistent with the results obtained by Manfredi et al.,
who noted that the VL muscle is more susceptible to damage after acute exercise in older
patients than in younger patients [77]; however, Roth et al. noted no ultrastructural changes in
this muscle or differences in its susceptibility to damage in older male subjects compared to
younger male subjects [78]. We could not explore gender as a covariate because, as shown in
our demographic data, most of the female athletes who participated in our study did not finish
the MUM.
Early signs of cellular inflammation, such as increases in white blood cell counts and CRP
levels, precede water redistribution from the intracellular to the extracellular compartment,
leading to water accumulation in the extracellular compartment, i.e., edema. Therefore,
decreases in μmay be associated with increases in edema, which occur more slowly than
changes in blood biomarker levels. This may explain the absence of correlations between blood
biomarker levels and μ at the Mid and Finish assessments, as blood biomarker levels may have
changed more rapidly than μ, which decreased slightly later in conjunction with changes in
edema.
The pro-inflammatory response has been shown to be triggered at the cerebral level via
limb skeletal muscle sensory innervation pathways initiated by metabosensitive and mechano-
sensitive III/IV afferent neurons, which facilitate compensatory and/or protective delayed neu-
ral adjustments [81]. Therefore, we cannot rule out the possibility that inflammation induces
changes in elasticity through neural inhibitory mechanisms in conjunction with decreases in
muscle spindle sensitivity [82].
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It is worth noting that lower quadriceps shear modulus values were obtained during a subse-
quent submaximal isometric torque-matched task [83], as shear modulus values are an indica-
tor of lower force production caused by quadriceps muscle fatigue. However, neuromuscular
fatigue does not necessarily correlate with running distance, as it was less prominent among
the runners who completed the Tor des Géants than those who completed shorter MUMs [50].
Our study noted a decrease in μ during the MUM, which was probably related to inflammation
and to the aforementioned decreases in force production, a finding consistent with that
reported by Vitiello et al. [84]. Overall, the decreases in quadriceps stiffness noted in this study
may be a consequence of the combination of specific MUM-induced changes (eccentric com-
ponent, inflammatory responses and edema), which may represent a (relative) protective
mechanism designed to combat the extreme load associated with the MUM.
Furthermore, in the present study, the decrease in VL stiffness was less pronounced than
the decreases in VM and RF stiffness. Voloshina et al. demonstrated that when running on
uneven terrain (such as during the Tor des Géants1), runners exhibit significant increases in
RF and VM activity (electromyographic activity) compared with running on even ground, but
no significant changes in VL activity [85,86], suggesting that the VM and RF are solicited more
than the VL during prolonged MUMs, which may support the hypothesis that decreases in
muscular stiffness are caused by specific prolonged muscular hyper-solicitation.
Because prolonged exercise leads to central and peripheral fatigue, it may be interesting to
investigate the relationship among shear modulus changes, extracellular water increases and
fatigue development.
In conclusion, using a model of prolonged and extreme mechanical stress, we showed that
SWE monitored and highlighted changes in muscle stiffness and enabled us to gain a better
understanding of muscle mechanics. We demonstrated that despite the accumulation of eccen-
tric contractions induced by prolonged low-to-moderate intensity exercise associated with a
330 km race held at an altitude of +24,000 m, ultra-long running exercise leads to only moder-
ate muscle damage and inflammation, confirming previous results indicating that long MUMs
paradoxically induce less muscle damage [9].
The objective of our study was to investigate whether localized muscle stiffness quantifica-
tion constitutes a non-invasive surrogate measurement of muscle damage that can be used in
injury prevention programs or rehabilitation programs designed for athletes [9]. Unfortu-
nately, the present study could not directly determine the extent of muscle damage and there-
fore could not correlate shear modulus changes with changes in damage indices. In addition,
our results differed from those of several controlled models of damaging exercise; thus, further
research is required before SWE can ultimately be used to quantify the effects of neuromuscu-
lar disorders on muscle function or the improvements in muscle function elicited by various
treatments as a means of assessing the efficacy of these treatments, especially in the setting of
inflammation.
Athletes and physicians were motivated to participate in this study to facilitate and encour-
age technological developments that may enhance our understanding of muscle physiology
during extreme exercise and improve muscular lesion diagnoses, follow-up evaluations and
care. The imaging community is interested in quantifying muscle properties using widely avail-
able and non-invasive methods to improve the diagnosis and monitoring of muscle injuries in
athletes and patients [10,87].
Given that US enables imaging of muscle injuries and visualization of trauma signs on ana-
tomical images, as well as shear modulus measurements and glycogen content quantification
[88,89], it may be a useful and non-invasive means of investigating the relationship among
force loss, muscle stiffness and performance in athletes.
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